Three-dimensional emission from organic Fabry-Perot microlasers by Lafargue, Clément et al.
Three-dimensional emission from organic Fabry-Perot microlasers
Cle´ment Lafargue,1, ∗ Stefan Bittner,1 Sergii Lozenko,1 Joseph Lautru,1
Joseph Zyss,1 Christian Ulysse,2 Christophe Cluzel,3 and Me´lanie Lebental1
1Laboratoire de Photonique Quantique et Mole´culaire, CNRS UMR 8537,
Institut d’Alembert FR 3242, Ecole Normale Supe´rieure de Cachan,
61 Avenue du Pre´sident Wilson, F-94235 Cachan, France
2Laboratoire de Photonique et Nanostructures, CNRS UPR20, Route de Nozay, F-91460 Marcoussis, France
3Laboratoire de me´canique et technologie Cachan,
ENS-Cachan / CNRS UMR 8535 / Paris VI University / UniverSud Paris PRES,
61 avenue du Pre´sident Wilson, F-94235 Cachan, France
(Dated: September 26, 2018)
We measured the far-field emission patterns in three dimensions of flat organic dye microlasers
using a solid angle scanner. Polymer-based microcavities of ribbon shape (i.e., Fabry-Perot type)
were investigated. Out of plane emission from the cavities was observed, with significant differences
for the two cases of resonators either fully supported by the substrate or sustained by a pedestal. In
both cases, the emission diagrams are accounted for by a model combining diffraction at the cavity
edges and reflections from the substrate.
The integration of optical technologies and microelec-
tronics is one of the key areas in current photonics
research1, in particular regarding micro-sources. An im-
portant aspect for applications is the directionality of
the emission from microlasers (see for instance Ref.2).
Many experiments with and simulations of flat microres-
onators with a thickness much smaller than their horizon-
tal extension investigate only the emission in the plane of
the cavity3–10. Such microresonators can be easily fab-
ricated on chip using lithography techniques11. Since,
however, the thickness of the resonators is of the order
of the wavelength, diffraction occurs at the edges of the
vertical side walls, possibly leading to emission out of the
plane of the cavities. This has seldom been investigated
experimentally12–15 or theoretically16,17, however. In or-
der to measure the emission in all three dimensions, we
have constructed a solid angle scanner13, a setup allowing
for the variation of both the azimuthal and polar angle of
observation. We used it to investigate organic solid-state
microlasers based on dye-doped polymers which can be
fabricated easily down to nanoscale resolution18. Their
spectral and emission properties have been intensively
investigated19–21 and depend sensitively on the cavity
shape. Here we used ribbon-shaped Fabry-Perot (FP)
cavities that are one of the simplest types of microlasers.
Their 3D far-field emission was measured and interpreted
by an analytical model12,14 that is simpler than previ-
ously proposed ones16. Reflections at the substrate add
complexity to the emission patterns12,22. Therefore ex-
periments were carried out with cavities either supported
by a pedestal23 or fully in contact with the substrate. In
both cases, a good agreement with the model is obtained,
which can be further extended to other resonator shapes.
The microlasers were fabricated as follows. A thin
layer (∼ 700 nm) of poly(methylmethacrylate) (PMMA)
doped with 5% wt. of the laser dye DCM24 is spin-coated
on a silicon wafer with a 2 µm thick layer of silica.
The cavity structures are then created using electron
beam lithography, which ensures vertical sidewalls and
FIG. 1. (color online) (a) Top view of a ribbon microlaser
(photograph from an optical microscope in real colors). The
dye-doped polymer layer appears yellow. (b) Schematic side
view of the microlaser. (c) Oblique sketch (not to scale) of the
microlaser including the pump beam (green), the laser emis-
sion (red) and the detection lens. (d) Typical lasing spectrum
emitted by a ribbon microlaser.
sharp edges with sub-wavelength accuracy. A photo of a
ribbon-shaped cavity with a width of 200 µm is shown
in Fig. 1(a). In order to produce cavities supported by
a pedestal, the samples were dipped in hydrofluoric acid
so as to partly under-etch the silica layer beneath the
polymer cavities without damaging the organic part23.
The microlasers were pumped just above their lasing
threshold by a frequency-doubled Nd:YAG laser (532 nm,
500 ps, 10 Hz) with linear polarization parallel to the y
axis [see Fig. 1 (c) for notations and Ref.21]. The emis-
sion from the cavity into arbitrary directions was col-
lected with a lensed fiber and transferred to a spectrom-
eter. A typical measured spectrum is shown in Fig. 1(d).
The sample holder itself does not move with respect to
the table, whereas the collection lens is positioned by two
rotating arms as shown in Fig. 2. To ensure that the cav-
ity stays aligned with the lens, the two motors rotating
the arms must have a very small eccentricity (±2 µm for
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2FIG. 2. (color online) Drawing of the detection setup. Parts
1 (grey) are fixed. Parts 2 (green) are in rotation around a
vertical axis. Parts 3 (orange) are in rotation with respect to
parts 2 around a horizontal axis. 1a, 2a – motorized rotation
stages. 1b – translational stages to position the sample in
the center of rotation. 1c – wafer with microlasers. 2b, 3a –
rotating arms. 3b – collection lens. 3c – optical fiber. 4 –
pump beam.
Newport RV120PP rotation stages), and their axes must
cross each other with a mismatch tolerance of the order
of 10 µm. The latter was achieved via precise manufac-
turing of the arms and assembling them with centering
pins. The wafer with the microlasers was attached ver-
tically to the setup so that the horizontal pump beam is
perpendicular to the wafer.
Previous studies demonstrated that many properties
of flat microlasers like their spectra can be explained
in the framework of a 2D effective refractive index
approximation25. Just above threshold, ribbon (FP) cav-
ities exhibit only one kind of lasing modes that is based
on the bouncing-ball orbit along the x direction. Feed-
back along the y direction is suppressed because photons
travelling in that direction are lost in the polymer layer
[cf. Fig. 1(a)]. Consequently, FP cavities emit only in
the ϕ = 0◦ and ϕ = 180◦ directions25. Therefore, we
measured the latitude emission diagram, that is the far-
field lasing intensity with respect to the polar angle θ
at fixed ϕ = 0◦. The latitude emission diagram for a
cavity on a pedestal is shown in Fig. 3. There is no sig-
nificant dependence on the angle θ of the spectral and
polarization features of the emission, unlike the cases re-
ported in Ref.13. The major part of the lasing emission
is not mainly in the cavity plane (θ = 90◦) as could have
been expected, but mostly out of the plane of the cavity.
Moreover, the emission diagram exhibits an oscillating
pattern that does not depend on the FP width.
In fact, the observed emission pattern I(θ) originates
from two different effects, namely reflections at the sub-
strate and diffraction at the cavity edges. It can therefore
FIG. 3. Latitude emission diagram for a resonance at 605 nm
of a FP microlaser on a pedestal. Note the inverted θ axis.
The solid line is the measured data, and the dashed line a
fit of the model [Eqs. (1)–(3)]. The inset shows the emission
diagram in polar coordinates.
FIG. 4. Side views of the cavity geometry (not to scale) and
interfering ray trajectories. (a) Cavity on a pedestal. (b)
Cavity fully sustained by the silica substrate.
be expressed as a product of two terms12,
I(θ) = R(θ) · F (θ) . (1)
The factor R(θ) results from the interference between the
direct ray trajectory from the sidewall to the lens and the
one reflected at the silicion wafer as shown in Fig. 4(a).
It has the form12
R(θ) =
∣∣1 + r(θ)e−2ikD cos θ∣∣2 , (2)
where D is the distance between the silicon surface and
the center of the polymer layer [see Fig. 4(a)], k is the
wave number, and r(θ) is the Fresnel reflection coefficient
at the air/silicon interface for s polarization since the
FP microlaser emits light polarized in the cavity plane21.
This term is responsible for the oscillatory behavior that
dominates the emission pattern. The second factor, F (θ),
is related to the diffraction at the edges and determines
the envelope of the emission pattern. It is the Fourier
transform (FT) of the electric near-field distribution f(z)
at the cavity side wall14, which is, however, not known
3FIG. 5. Latitude emission diagram for a FP microlaser fully
sustained by the substrate. The solid line is the measured
data, and the dashed line a fit of the model [Eqs. (1), (3) and
(4)]. The inset shows the emission diagram in polar coordi-
nates.
a priori. For the sake of simplicity it is assumed that
the near field f(z) is homogeneous over a certain length l
which is of the order of the cavity thickness. The result-
ing diffraction pattern is therefore that of a slit, namely,
F (θ) ∝ sinc2
(
kl cos θ
2
)
. (3)
This factor provides the envelope of the latitude diagram
whose behavior is dominated by the oscillatory factor
R(θ). Therefore, the exact shape of F (θ) cannot be de-
termined here.
A fit of this model is plotted as dashed line in Fig. 3 and
shows very good agreement. The fitted parameters are
Dfit = 2.55 µm and lfit = 556 nm, where nSi = 3.94 was
used for the refractive index of silicon. The thicknesses
of the polymer and silica layers were measured with a
profilometer to be 700 nm and 2.1 µm, respectively. As
expected, the value of lfit is of the order of the thickness of
the polymer layer. The measured thicknesses correspond
to a value of Dexp = 2.45 µm, from which the fitted value
deviates by less than 4%.
The latitude emission diagram for a FP cavity fully
supported by the silica coated substrate is shown in
Fig. 5. The main emission direction is obviously out of
the plane and concentrated around θ = 65◦ with two
smaller lateral lobes around 80◦ and 50◦. The inter-
ference pattern R(θ) is more complicated here since the
direct trajectory interferes with one reflected at the air-
silica interface and an infinite number of reflections at the
silica-silicon interface as depicted in Fig. 4(b). Adding up
all trajectories results in
R(θ) =
∣∣∣1 + rI(θ)e−ikδ1
+tI(θ)tII(θ
′) e
−ik(δ1+δ2)rIII(θ′)
1−e−ikδ2rIII(θ′)rII(θ′)
∣∣∣2 , (4)
with δ1 = 2d1 cos θ, δ2 = 2d2[nSiO2 − sin θ sin θ′]/ cos θ′,
and sin θ′ = sin θ/nSiO2 with nSiO2 = 1.46. The Fresnel
reflection and transmission coefficients for angle of inci-
dence θ and s polarization are denoted by rI,II,III(θ) and
tI,II,III(θ), respectively, where I stands for the air/silica,
II for the silica/air and III for the silica/silicon interface.
The fit parameters are d1, which is half the thickness of
the cavity, d2, which is the thickness of the silica layer
[see Fig. 4(b)], and l. The fit (dashed line in Fig. 5) shows
very good agreement with the measurement for parame-
ters d1,fit = 347 nm, d2,fit = 2.118 µm, and lfit = 697 nm.
It should be noted that the shape of the latitude emis-
sion diagram depends sensitively on the parameters d1
and d2. The measured thickness of the PMMA layer
is 2d1,exp = 680 nm, which agrees well with the fitted
values for d1 and l. The thickness of the silica layer,
d2,exp ≈ 2.1 µm like for the pedestal sample, also agrees
well with d2,fit.
In summary, we have investigated flat organic micro-
lasers and observed emission out of the cavity plane with
a solid angle scanner. For ribbon-shaped cavities, the
measured latitude emission diagrams were compared to
a simple analytical model taking into account diffraction
at the cavity edges and reflections from the substrate,
showing excellent agreement. The methodology applied
here can be generalized to other, more complicated cav-
ity shapes, and allow an insight into the mode structure
inside the resonator, since the diffraction patterns F (θ)
are related to the electric field distributions at the verti-
cal cavity side walls. These cannot be predicted analyt-
ically but contain important information on the cavity
modes. They are important to understand the reflec-
tion of waves at such interfaces with finite height16,17.
For instance, the reflection coefficients for finite inter-
faces are of great relevance for the determination of las-
ing thresholds and to improve on the effective refractive
index approximation26. In addition, the diffraction pat-
tern is directly connected to the diffraction at dielectric
corners and edges, which remains an open problem27.
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